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The present experimental and theoretical knowledge of the physics of electroweak symmetry breaking 
is reviewed. Data still favor a light Higgs boson, of a kind that can be comfortably accommodated in 
the Standard Model or in its Minimal Supersymmetric extension, but exhibit a non-trivial structure 
that leaves some open questions. The available experimental information may still be reconciled with 
the absence of a light Higgs boson, but the price to pay looks excessive. Recent theoretical ideas, 
linking the weak scale with the size of possible extra spatial dimensions, are briefly mentioned. It is 
stressed once more that experiments at high-energy colliders, such as the Tevatron and the LHC, are 
the crucial tool for eventually solving the Higgs puzzle. 


Rome is a city so full of religious symbols 
that it provides some inspiration on how to 
organize a talk on the physics of electroweak 
symmetry breaking, where firm experimental 
and theoretical results are mixed, so far, with 
a certain amount of beliefs. 


1 The Standard Model 

(The Orthodoxy) 

The obvious starting point for any discussion 
of the Higgs puzzle (= ‘what is the physics 
of electroweak symmetry breaking?’) is the 
Standard Model (SM), by now firmly estab¬ 
lished as the renormalizable quantum field 
theory of strong and electroweak interactions 
at presently accessible energies: in the spirit 
of the preface, it can be called ‘The Ortho¬ 
doxy’. The only SM ingredient still escaping 
experimental detection, in a theoretical con¬ 
struction that works incredibly well, is the 
Higgs El boson, H. Its properties are con¬ 
trolled by some well-known parameters of 
the fermion and gauge sectors (including the 
Fermi constant Gp, which sets the value of 
the weak scale) plus an independent one, the 
Higgs mass mn. 

The elementary complex spin-0 field (f, 
an SU{2)p doublet of weak hypercharge Y = 
-1-1/2 (in the normalization where Q = T^l + 
Y), is by now considered to be an essential 


part of what we call the SM. Indeed, it plays 
a fundamental role in the description of two 
symmetry-breaking phenomena. The first is 
the spontaneous breaking of the SU{2)p x 
U{1)y gauge symmetry down to the U{1)q 
of QED, described by the following part of 
the SM Lagrangian: 

Cs = (D'^0)t (D^</) - - A(0V)2 . (1) 

The second is the explicit breaking of the 
global flavor symmetry that is present if only 
gauge interactions are switched on. This is 
realized by the Yukawa part of the SM La¬ 
grangian, 

£y = h^WuR(t> + h^qhdRf) 

+h^lLeR4> + }i.c., ( 2 ) 

where 4> = ia'^cj)*, hPPF g^j.g 3x3 complex 
matrices and generation indices have been 
omitted. Over the years, our confidence in 
this description has been progressively rein¬ 
forced by increasingly precise tests of both 
these symmetry-breaking phenomena (here 
the focus will be on gauge symmetry break¬ 
ing, since the theoretical aspects of flavor 
symmetry breaking are discussed in another 
talk at this Conference □). However, the ul¬ 
timate, crucial test of the SM remains the 
direct search for the Higgs particle, by far 
the most important experimental enterprise 
in today’s particle physics. 
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1.1 Direct searches for the SM Higgs 

The experimental status of the searches for 
the SM Higgs particle is review^ in detail in 
another talk at this Conference 0 . Here I will 
just summarize the present situatioiLfrom the 
preliminary LEP-combined results u released 
for the conferences of Summer 2001: 

• The data still show an excess, at the 
level of 2 . 1 ( 7 , over the expected SM back¬ 
ground, mainly due to ALEPH data and 
to the four-jet final state (to be com¬ 
pared with the 2 . 9(7 excess in the pre¬ 
liminary data of November 2000). 

• The maximum likelihood occurs at 
niH = 115.6 GeV, with 3.5% probability 
of a fluctuation of the SM background. 

• The lower bound on the Higgs mass is 
niH > 114.1 GeV at 95% c.L, to be 
compared with an expected bound of 
115.4 GeV. 

• Three out of the four LEP experiments 
have not yet released their final results 
at the time of this Conference: the fi¬ 
nal combination of the LEP results is ex¬ 
pected for the end of 2001 . 

1.2 SM fits to the Higgs mass 

Besides direct searches, additional informa¬ 
tion on the SM Higgs boson come from the 
fits to ruH based on electroweak precision 
data, whose experimental aspects are dis¬ 
cussed in another talk at this Conference u. 
A poDular summary of the available informa¬ 
tion □ is the famous ‘blueband’ plot of the 
LEP Electroweak Working Group, displayed 
in Fig. 0: it gives the = ^2 
global SM fit to electroweak precision data as 
a function of mn- As evident from Fig. 1 ^, the 
fit clearly favours a light Higgs. The default 
fit, represented by the solid curve in Fig. ^ 
gives ruH = 88^35 GeV and mH < 196 GeV 
at 95% c.L. An alternative fit (see below for 
an explanation), represented by the dashed 



Figure 1. as a function of mu from the global fit 

to the SM. The region excluded by the direct searches 
at LEP is also shown. 

line, gives ttih < 222 GeV at 95% c.L and a 
slightly higher central value. The band rep¬ 
resents a (debatable) estimate of the theo¬ 
retical uncertainty. Notice that the fit does 
not include the information coming from di¬ 
rect searches. Notice also that, in both fits, 
more than half of the curve falls in the 
shaded region, excluded at 95% c.L by direct 
searches. 

Given the importance of the issue, it 
is worth examining in more detail how the 
preference for a light SM Higgs arises. For 
given values of the remaining SM input pa¬ 
rameters, precise electroweak data combined 
with updated theoretical calculations give 
logarithmic sensitivity to mn, mostly via 
two pseudo-observables: the leptonic effec¬ 
tive electroweak mixing angle, sin^ D'Tf = 
(1 — vi/ai)/4:, and the mass of the W bo¬ 
son, rriw- There are still small theoretical 
uncertainties in the evaluation of radiative 
corrections, in principle reducible by more re¬ 
fined calculations. A recent progress along 
these lines is the calculation 0 of the com- 
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plete fermionic two-loop contribution to m^f, 
but other calculations of the same order are 
still missing. Larger uncertainties come from 
non-negligible errors in other parameters en¬ 
tering the fit. An important one is the 
hadronic contribution to the running of the 
electromagnetic coupling constant, 
as extracted from a dispersion integral over 
a parametrization of the measured cross- 
section for e+e“ —*■ hadrons, including the 
recent data i from BES and CMD-2. A con¬ 
servative, ‘data-driven’ fit i gives 

Aa|f2^(mz) = 0.02761 ± 0.00036, (3) 

corresponding to the ‘default’ input of the 
blueband plot, whereas a more aggressive, 
‘theory-driven’ fit E2l, corresponding to the 
‘alternative’ input of the blueband plot, gives 

Aa|fj^(TOz) = 0.02738 ± 0.00020 . (4) 

There are many other determinations, as re¬ 
viewed for example in Ref. Ilil, all consistent 
with the previous ones, but with a tendency 
to be closer to Eq. i) than to Eq. i)- The 
second important uncertainty in the input 
parameters is the one associated with the ex¬ 
perimental determination of the top quark 
mass frorn the CDF and DO experiments at 

Fermilab 0 : 

TOtop = 174.3 ±5.1 GeV. (5) 

The individual experimental determina¬ 
tions of sin^ and mw, with the corre¬ 
sponding theoretical predictions and uncer¬ 
tainties, as taken from Ref. B, are displayed 
in Figs. ^ and ||. 

A careful inspection of Figs. reveals 
that the SM fit is not entirely a b^of roses, 
as stressed, for example, in Ref. EA (on the 
basis of the data available in Winter 2001). 
First, the quality of the overall fit turns 
out to be acceptable but not exceptional, 
X^/dof = 22.9/15, corresponding to a ‘prob¬ 
ability’ of 8.6%. The main reason for this 
can be seen from Fig. ||: there is a system¬ 
atic tendency of the hadronic asymmetries 
{bb and cc forward-backward asymmetry plus 
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Figure 2. Determination of sin^ ^^eff asym¬ 

metry measurements. The SM prediction is also 
shown, as a function of m^, with the uncertainties 
from Aa{^\{mz) and mt added linearly. 


quark charge asymmetry) to give larger val- 
ues of sin^ (and of ttih) than the leptonic 
asymmetries (forward-backward asymmetry, 
T polarization asymmetry, SLD left-right 
asymmetry). The average of the hadronic 
determinations alone gives sin^ ^1/^/ {had) = 
0.23230 ±0.00029, the average of the leptonic 
ones sin^ 9^^^j{lep) = 0.23113 ± 0.00021, cor¬ 
responding to a discrepancy at the level of 
3 .3(7. This effect was larger in Winter 2001: 
the change is mostly due to a — 0.5 (t shift of 
the bb forward-backward asymmetry, 
after a new DELPHI analysis based on a 
neural network to tag the b-charge, and an 
improvement in the jet-charge measurement 
of the ALEPH analysis. The most precise 
hadronic determination comes indeed from 
and has now a pull of 2.9a with re¬ 
spect to the central value of the global SM fit. 
Keeping in mind the possibility of a statisti- 
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Mass of the W Boson 

Experiment [GeV] 



Figure 3. The measurements of mw at LEP. The 
lower plot shows the SM prediction, as a function 
of mu, with the uncertainties from and 

mt added linearly. 


cal fluctuation, this can be viewed as a small 
problem either for the SM or for the exper¬ 
imental analyses. Radical modifications of 
the Zbb vertex appear unlikely, given the fact 
that Ab from SLD and Rb are well-behaved. 
Also, measuring is a very delicate exper¬ 
imental task, since flavor and charge of the 
b-quarks need to be tagged simultaneously, 
with more complicated systematics than in 
the measurement of Rb- On the other hand, 
all the experimental determinations of mw 
are in good agreement and point to a light 
Higgs boson: those of Fig. ^ can be com¬ 
bined with the ones from the UA2, CDF 
and DO experiments at pp colliders, giving 
mw = 80.454 ± 0.060, to produce a global 


world average mw = 80.451 ± 0.033. No¬ 
tice that, with the present errors, the main 
parametric uncertainty affecting the theoret¬ 
ical determination of mw is the one coming 
from mt, whereas mt and /S.a^^^^(mz) give 
comparable uncertainties in the theoretical 
determination of sin^ . 

Given the small discrepancy between 
hadronic and leptonic asymmetries, the exer¬ 
cise of looking at what happens, when drop¬ 
ping the hadronic asymmetries from the fit, 
may not be entirely academical. The result 
is the following: the quality of the SM fit im¬ 
proves, but the central value of mu is pushed 
down, so that the consistency of the SM fit 
to mn with the limits from direct searches 
becomes marginal [with a significant residual 
dependence, which should not be forgotten, 
on lS.a^^l^(mz) and mt]- Is there a SM crisis 
lurking around the corner? A prudent atti¬ 
tude before answering this question may be 
appropriate, taking into account that the fi¬ 
nal heavy-flavor analyses from LEP and im¬ 
proved determinations of mw and mt from 
the new Tevatron run will be available soon. 
It may well be, however, that we must wait 
until the discovery (or the exclusion) of a 
light Higgs boson to definitively settle the is¬ 
sue. 

1.3 The SM as an effective theory 

If we believed that the SM is the whole story, 
the talk could end here. However, we all 
know that the SM cannot be the ultimate 
theory of elementary particles, valid at ar¬ 
bitrarily high energy scales, since it does not 
contain a quantum theory of gravitational in¬ 
teractions and some of its couplings are not 
asymptotically free. Thus, the SM must be 
seen as an effective field theory, valid up to 
some physical cut-off scale A, where new 
physics must be introduced into the theory. 
On general grounds, A could be anywhere be¬ 
tween the TeV scale and the Planck scale, 
Mp = ~ 2.4 X 10^® GeV, where 
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Gat is Newton’s constant, characterizing the 
observed gravitational interactions. Assum¬ 
ing that the SM correctly identifies the de¬ 
grees of freedom at the weak scale (this may 
not be true, as will be discussed later, in the 
case of the Higgs field), we can write down 
the most general local Lagrangian compati¬ 
ble with the SM symmetries, classifying the 
possible operators according to their physical 
dimension, and scaling all dimensionful cou¬ 
plings by appropriate powers of A. The re¬ 
sulting dimensionless coefficients are then to 
be interpreted as parameters, which can be 
either fitted to experimental data or (if we 
are able to do so) theoretically determined 
from the fundamental theory replacing the 
SM at the scale A. Very schematically (and 
omitting all coefficients and indices, as well 
as many theoretical subtleties): 


rSM _ 
‘-'eff - 


[A'‘ -h A2$2] -I- {D^f + -^ 




A A2 


(j)2 p^lv p 


fiv 


A 2 


( 6 ) 


where stands for the generic quark or lep¬ 
ton held, $ for the SM Higgs held, F for the 
field strength of the SM gauge fields, and D 
for the gauge-covariant derivative. The first 
bracket in Eq. (^ contains two terms, a cos¬ 
mological constant term and a Higgs mass 
term, that are proportional to positive pow¬ 
ers of A, and are at the origin of two infamous 
hierarchy problems. The second bracket in 
Eq. (^ contains operators with no power¬ 
like dependence on A, but only a milder, log¬ 
arithmic dependence, due to infrared renor¬ 
malization effects between the cut-off scale 
A and the weak scale. The last bracket in 
Eq. (H) is the starting point of an expansion 
in inverse powers of A, and contains opera¬ 
tors associated with rare processes, precision 


tests, neutrino masses, proton decay, . 

In this framework, an old question can 
be addressed in the light of present experi¬ 
mental data: given our knowledge of the top 
quark mass and of the bounds on the Higgs 
mass, can we put some firm bounds on the 
cut-off scale A? The qualitative aspects of 
the answer can be appreciated by remember¬ 
ing that, in the SM, the top and Higgs masses 
are associated with the largest Yukawa cou¬ 
pling ht and with the quartic Higgs self¬ 
coupling A, respectively, via tree-level rela¬ 
tions of the form rrit oc htv and oc Az;^, 
where v is the vacuum expectation value of 
the Higgs field. Also, the scale-dependence of 
A is controlled by the renormalization group 
equation 


dX 

dlogQ 


3 

167r2 


(A^ -h \h1 


hf) + ■ ■■ ^ (7) 


where Q is the renormalization scale and 
the dots stand for smaller one-loop contri¬ 
butions, controlled by the electroweak gauge 
couplings, and higher-order contributions. 
For any given values of mt and A, we can 
extract a ‘triviality’ upper bound on itih ob¬ 
serving that, if niH is too large, X{Q) blows 
up at a scale Qq < A, developing a Lan¬ 
dau pole. This leads to some well-known 
constraints, supported by more rigorous ar¬ 
guments and by lattice calculations: iriH < 
200 GeV if A ~ Mp, mp < 600 GeV if 
A ~ 1 TeV. Similarly, we can extract a ‘sta¬ 
bility’ lower bound on mp by observing that, 
if ruH is too small, then \{Q) becomes nega¬ 
tive at Qo < A, and another minimum of the 
SM potential develops at {(j)) ~ Qo- 

Since the results of the previous subsec¬ 
tion point to rather small values of mp, the 
presently hot issue ia.^the stability bound, re¬ 
cently revisited in 113. When implementing 
the stability bound, three options are pos¬ 
sible: 1) we can require absolute stability, 
i.e. the correct electroweak vacuum must 
have lower energy than the ‘wrong’ vacuum; 
2 ) we can require stability with respect to 
high-temperature fluctuations in the cosmo- 
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logical evolution of the early Universe; 3) we 
can require stability with respect to quan¬ 
tum fluctuations at approximately zero tem¬ 
perature. The latter is the most conserva¬ 
tive option, and amounts to requiring that 
the lifetime of the correct electroweak vac¬ 
uum should be larger than the present age of 
the Universe, Tu ~ 10^ yrs. The present 
results are illustrated Ej in Fig. where 



Figure 4. Instability, meta-stability and stability re¬ 
gions of the SM vacuum in the plane, for 

cx-si'f^z) = 0.118 (solid curves) ±0.002 (dashed and 
dash—dotted curves). The shaded area indicates the 
experimental range fro mt, Eq. (^), at Icr (darker) 
and 2cr (lighter). 


= 0.118 zb 0.002 and A = Mp have 
been assumed, and in Fig. H, where mn = 



Figure 5. Running of the quartic Higgs coupling A(/i) 
for mp = 115 GeV, mt = 165,170,175,180,185 GeV 
and OLsi'fyiz) = 0.118. Absolute stability 

[X{M^eak) > 0] is still possible if mt < 166 GeV. 
The hatched region is excluded by the meta-stability 
bound. 


115 GeV and as{mz) = 0.118 have been as¬ 
sumed. If we set A Mp (its maximum 


sensible value) and ruH = 115 GeV (close 
to its minimum allowed value and to the lo¬ 
cation of the slight experimental effect dis¬ 
cussed in subsection O), then option (1) 
leads to mt < (166 ± 2) GeV. After a new 
complete one-loop calculation of the tunnel¬ 
ing probability at zero temperature, option 
(3) leads to m* < (175 ± 2) GeV, still in 
full agreement with the data. Therefore, it 
may be premature to claim evidence of new 
physics below Mp from SM vacuum stabil¬ 
ity, even if we are at the border of the al¬ 
lowed region, a situation for which pos^le 
theoretical reasons have been suggested U . 


2 MSSM (The Dogma?) 

In the SM effective Lagrangian of Eq. the 
mass term for the Higgs field has a quadratic 
dependence on the cut-off scale A. When 
we try to extrapolate the SM to scales much 
higher than the weak scale, this gives rise to 
the infamous gauge hierarchy problem. The 
natural solution to this problem is to intro¬ 
duce new physics close to the weak scale. The 
present best candidate for such new physics is 
the Minimal Supersymmetric extension of the 
Standard Model (MSSM), extensively cfe- 
cussed in another talk at this Conference Ell. 


2.1 Some virtues of the MSSM 

The main virtue of the MSSM is that, if 
the mass splittings Ams^sy that break su¬ 
persymmetry (SUSY) are of the order of the 
weak scale M^jeak ~ 1 TeV, then its cut-off 
scale can be naturally taken to be Amssm = 
Al^^y/Amsusy, where Agusy is the scale of 
spontaneous SUSY breaking. In hidden- 
sector supergravity models, where Ag^sy ~ 
VMweakMp, such cut-off scalc can then be 
pushed very close to Mp (this is not true if 
SUSY breaking occurs at lower scales, as in 
‘gauge-mediated’ models). 

Another virtue of the MSSM is that, in 
contrast with other possible solutions of the 
hierarchy problem, it is generically as good as 
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the SM in complying with electroweak preci¬ 
sion data. This is due to the fact that the soft 
SUSY-breaking mass terms do not break the 
SU{2)l X U{1)y gauge wmmetry. Indeed, it 
was recently observed 113 that, if sneutrinos 
and charged sleptons (and, to a lesser extent, 
charginos and neutralinos) have masses close 
to their present experimental bounds, then 
the MSSM may lead to an improved consis¬ 
tency between direct and indirect bounds on 
the Higgs mass, when the hadronic asymme¬ 
tries are left out of the global fit. This result 
is illustrated in Figs. || and ^ drawn in planes 



Eg X 10® 


Figure 6. Measured values (cross) of ea and E 2 , with 
their la region (solid ellipse), obtained from mw, F;, 
ilep) and it;,. The area inside the irregu¬ 
lar curve represents the MSSM prediction for rrig^ 
between 96 and 300 GeV, between 105 and 

300 GeV, |/r| < 1 TeV, tan/3 = 10, = 1 TeV 

and ruA = 1 TeV. 


characterized by two of the three flavour- 
independent parameters (ei,e 2 ,e 3 ) that are 
often used in non-SM fits to precision data. 
We remind the reader that ei, related to Velt- 
man’s parameter 5p, is mainly controlled by 
rrit, £2 is particularly sensitive to mw and £3 
is mainly controlled by siv? {lep). Only 
the W mass, the leptonic Z width, the lep- 
tonic asymmetries and the ratio i?t, have been 
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Figure 7. The same as in Fig. 


but for ei and es. 


included in the fit. The elliptic solid contours 
represent the region allowed by the data at 
the ItJ level. The irregular dashed contours 
enclose the typical MSSM predictions for a 
light spectrum. The fat dot with an arrow 
shows the SM prediction for a Higgs mass 
varying between 113 GeV and 135 GeV. We 
can see that, for a light MSSM spectrum, the 
agreement between data and theoretical pre¬ 
dictions can improve. 

Another important piece of indirect ev¬ 
idence in favour of the MSSM is the fact 
that, when combined with a condition on the 
grand unification of all gauge couplings and 
with the hypothesis of a ‘desert’ between the 
weak scale and the grand unification scale, it 
leads to one successful prediction for the 
gauge couplings at the weak scale. To gauge 
the significance of this success, we can per¬ 
form a simple-minded but illuminating exer¬ 
cise. We can consider the one-loop renormal¬ 
ization group equation for the running gauge 
coupling constants 


daA 

dlogQ 


2 


(A = 1,2,3), ( 8 ) 


where Ba are the one-loop beta-function co- 
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efficients, determined by the gauge quantum 
numbers of the particle spectrum at the weak 
scale. If we are agnostic about the precise 
value of the unified gauge coupling and of 
the grand unification scale, but we assume 
the normalization of the U{1)y gauge cou¬ 
pling suggested by the simplest grand-unified 
models, we can perform a unification test 
by considering the only variable controlling 
the prediction for the gauge couplings at the 
weak scale, the ratio B = (63 — & 2)/(&2 — &i)- 
The SM value of this ratio is Bsm — 0.53, 
its experimental value is B^^p — 0.71, and 
the MSSM value is Bmssm — 0.72. A rea¬ 
sonable error estimate is AB ^ 0.03, com¬ 
pletely dominated by the the fact that we do 
not know the details of the MSSM spectrum 
and of the spectrum of the underlying the¬ 
ory around the grand unification scale. This 
is an impressive success, and it is difficult 
to believe that it is accidental and that we 
are being fooled by a malicious Nature and 
by theorists. Any other extension of the SM 
claiming to be better than the MSSM must 
face this important phenomenological hint. 

2.2 The MSSM Higgs sector 

If we take seriously the MSSM, then it is 
important to extract its predictions for the 
Higgs sector. As is well known, the MSSM 
Higgs sector contains two complex doublets, 
which after gauge symmetry breaking give 
rise to five physical degrees of freedom, three 
neutral {h, H, A) and two charged {H^). The 
prediction of SUSY is that the MSSM Higgs 
sector depends, at the tree level, only on 
known SM parameters and two more param¬ 
eters, for example niA and tan/3 = V 2 IV 1 . 
After including quantum corrections, the pre¬ 
dictions of SUSY are not lost, but the depen¬ 
dences become more complicated and involve 
all the rest of the MSSM spectrum, in partic¬ 
ular the parameters of the top-stop sector c3. 
An intense theoretical effort has been devoted 
over the last years to the precise computa¬ 


tion of the MSSM Higgs properties, and we 
are now at the stage where the calculation of 
the most important two-loop corrections is 
being completed. When the top quark mass 
will be known more precisely, these calcula¬ 
tions will be important for reliably compar¬ 
ing models of SUSY breaking with the avail¬ 
able bounds on the spectrum. Of course, the 
relevance of all this could increase further if 
and when SUSY particles and SUSY Higgs 
bosons will be found. So far, two-loop cor¬ 
rections to the neutral Higgs boson masses 
have been computed mostly in the limit of 
vanishing momentum on the external lines of 
the Higgs and gauge boson propagators. In 
this limit, analytical formulae at 0{atOLs) are 
available, for arbitrary values of the relevant 
MSSM parameters S^and have been imple¬ 
mented in computer codes. As for the 0{a^) 
corrections, which can be of comparable nu¬ 
merical importance, at the time of this Con- 
ferenc^here are only partially analytic for¬ 
mulae E3 for ruh, valid in the limit uia mz- 
The general calculation of the 0{a^) cor¬ 
rections (in the zero-momentum limit) has 
been recently completed El and agrees with 
Ref. El in the appropriate limit. The effects of 
the 0{af) correc^ns is illustrated in Fig. 
taken from Ref. l 3. We can see that these 
corrections can be sizeable, increasing rrih by 
several GeV in the case of large mixing in the 
stop mass matrix. 

Armed with the relevant radiative cor¬ 
rections [the 0{aj) ones have not yet been 
adequately implemented in the codes, but 
will presumably be included in the final LEP 
analyses], experimentalists have searched for 
direct signals of the MSSM Higgs bosons, 
as r^iewed in another talk at this Confer¬ 
ence 0 and described in more detail in Ref. 
The small Higgs signal in the SM analy¬ 
sis has its counterpart in the MSSM analy¬ 
sis: some excesses at the ~ 2 cr level are re¬ 
ported both in the e+e” ^ hA channel, at 
(m/j, m^) ~ (83,83), (93,93) GeV, and in the 
e+e” ^ hZ channel, for ruh ~ 97,115 GeV. 
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Figure 8. The mass rrih vs. the stop mixing parameter for some representative values of the remaining 

MSSM parameters. The two-loop corrections are included either at O(atoig) (lower lines) or at 0(atoig + ci^) 
(upper lines). The fine structure corresponds to two different methods of implementing the corrections. 


The lower bounds on the MSSM Higgs masses 
are notoriously difficult to illustrate, due to 
their dependence on many parameters. Ex¬ 
amples of exclusion plots are presented in 
Figs. H and |l^, for a representative choice of 
MSSM parameters. In a ‘benchmark’ case 
characterized by a large mixing in the stop 
mass matrix, which should lead to conserva¬ 
tive bounds on and on tan/3, the 

data have been interpreted cJ in terms of 
the following exclusion regions at 95% c.L: 
{mh,mA) < (91.0,91.9) GeV and tan/3 < 
2.4. For small stop mixing, the limits are 
typically stronger. 

There are other recent interesting studies 
of the MSSM Higgs sector that would deserve 
to be discussed. There is just the time to 
briefly mention them, referring the reader to 
the corresponding papers. 

There is a new experimental analysis 
of the Tevatron data Ej, on the search for 
pp bbip bbbb {p = h,H,A). It leads 
to non-trivial constraints on the Higgs spec¬ 
trum, in the region of the MSSM parame¬ 
ter space where the bottom Yukawa coupling 
is strongly enhanced with respect to its SM 
value, tan /3 > 40-50. 


Some recent theoretical studies E£l have 
considered the possibility of radiatively in¬ 
duced CP-violating effects in the Higgs 
sector, coming from explicit CP-violating 
phases in the squark-gluino sector, and have 
analyzed the resulting complications in the 
discussion of the MSSIVI Higgs searches. 
Other theoretical studies c3 have examined 
the implications of the experimental bounds 
on the MSSM Higgses for different models of 
SUSY-breaking ‘mediation’. 

2.3 Some weak points of the MSSM 

It would be misleading to end this section 
without mentioning that, besides its virtues, 
the MSSM has also, in our present view, a 
number of weak points. 

To begin with, the MSSM with its soft 
SUSY breaking provides only an incomplete, 
technical solution of the hierarchy problem, 
since the overall mass scale of the soft terms 
is set ‘by hand’. These soft terms also in¬ 
troduce a very large number of free param¬ 
eters into the model: this problem is going 
to stay with us until when a standard model 
for spontaneous supersymmetry breaking will 
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Figure 9. The MSSM exclusion region in the 
plane, for the ‘m/i-max’ benchmark sce¬ 
nario. The central region is excluded by LEP 
searches, the lateral ones are theoretically inacces¬ 
sible in such a scenario. 

emerge and/or SUSY particles will be found. 

More seriously, after many years of 
experimental searches at increasing energy 
scales, which explored a large part of the 
theoretically most appealing region from the 
point of view of the hierarchy problem, no 
direct experimental hint for the existence of 
the MSSM Higgs or SUSY particles has been 
found. 

Taking all this into account, we should 
not take the MSSM as a dogma for the new 
physics at the weak scale, but keep an open 
mind for the possible alternatives. 

3 Can we do without a light Higgs? 

(The Heresy?) 

This part of the talk will touch an issue that 
often triggers heated discussions: can we do 
without a light Higgs? Some people view this 
as a heresy, some others almost take it for 
granted, so it is worth reviewing it, even if the 
state of affairs has not changed in an impor¬ 



Figure 10. The MSSM region of the (mtan f3) 
plane excluded by LEP searches, for the ‘m^-max’ 
benchmark scenario. 


tant way during the last year. Since, to the 
taste of most theorists, there is no satisfac¬ 
tory model without a light elementary Higgs, 
we may take an agnostic point of view and 
work at the level of an effective field theory. 

The most drastic departure from the SM 
consists in getting rid of the elementary Higgs 
field, and having the electroweak gauge sym¬ 
metry SU{2)l X U{1)y non-linearly real¬ 
ized (so doing, of course, we define a non- 
renormalizable effective theory whose cut-off 
scale cannot be much above the TeV scale). 
This approach has a loi^history, from the pi¬ 
oneering papers of Ref. 123 tosome recent phe¬ 
nomenological discussions after the LEP 
and Tevatron data. In this approach, the 
effective Lagrangian is constructed from the 
Goldstone bosons associated with elec¬ 
troweak symmetry breaking, assembled into 
the group element E = exp(2zw“T“/u), where 
V ~ 256 GeV. Goncentrating on the terms 
that can affect the W and Z propagators, 
thus playing a major role in the discussion 
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of electroweak precision tests, we can write 
^eff = ^Tr 

+ (e,A,...) , (9) 

i 

where 


- ig'EBy (10) 

is the covariant derivative. The first term in 
(^) describes the W and Z masses, as can be 
seen immediately in the unitary gauge E = 1. 
The higher-order operators Oi are scaled by 
appropriate powers of the cut-off A of this 
Higgsless theory, and are characterized by di¬ 
mensionless coefficients ci. 

A less drastic approach consists in keep¬ 
ing the elementary Higgs field (j), so that 
SU{2)l X U{1)y can be linearly realized, 
but in allowing the most general set of non- 
renormalizable operators compatible with 
the electroweak gauge symmetry and with 
Poincare invariance. Also this approach has 
a long history, from the early paper of Ref. 
to other recent phenomenological discussions 
Eil after the LEP and Tevatron data. In this 
case, the appropriate effective Lagrangian is 

( 11 ) 

i 


where A is the cut-off and Ci are the dimen¬ 
sionless coefficients of the various operators 
O,. 

In both approaches, the theoretical ex¬ 
pressions for the two key pseudo-observables 
in the fits, sin^ ^1// differ from the 

SM ones. For given values of all the other pa¬ 
rameters, in the SM they are just functions of 
vriH, with their leading dependences propor¬ 
tional to \og{m,H/rnz)- In these new frame¬ 
works, the dependences become more compli¬ 
cated: 


, rriH 

log- 

mz 


log 

o mz 

logHLH. 
o mz 


+ Kg^w 



( 12 ) 

In the Higgsless effective theory, the loga¬ 
rithmic dependence on K/mz-, generated by 


renormalization, must be combined with fi¬ 
nite contributions Kg (for sin^ ) and Kw 
(for mw)- A similar phenomenon occurs in 
the effective theory with the Higgs field, with 
the only difference that the logarithmic de¬ 
pendence is on mn/mz. At the level of both 
effective theories, Kg^w depend on the cut¬ 
off and on the unknown dimensionless coef¬ 
ficients of the higher-dimensional operators, 
on which we can get reliable information only 
if we know about the underlying fundamental 
theory. With the present data, it is still pos¬ 
sible to have A(to//) ^ mz without excessive 
fine-tuning of the quantities Kg^w 

A more careful analysis, however, reveals 
the present advantage of the light Higgs hy¬ 
pothesis. First, it must be said that, despite 
a lot of effort, so far there are no good candi¬ 
dates for the underlying theory that realizes 
the desired situation, i.e. the phenomeno¬ 
logically correct magnitudes and signs of Kg 
and Kw, without disrupting the predictions 
for other observables, and avoiding ‘ad hoc’ 
theoretical constructions. Also, it can be 
immediately seen, in the linear realization, 
that there is an obvious correlation: if we in¬ 
crease mn we must correspondingly decrease 
A, and tune the coefficients Ci, to keep agree¬ 
ment with the data: then mn ~ mz and 
A ^ mz looks as the most natural solution! 
There was a recent survey 0 of models that 
may evade the constraint of having a light 
Higgs with mn mz- Three classes of mod¬ 
els were identified, making reference to the 
(S', T) parameters, analogous to the (e 3 ,ei) 
parameters of Fig. (i) those in which new 
physics can produce negative contributions to 
the S parameter; (ii) those with a new vec¬ 
tor bosons Z' close to the weak scale; (in) 
those in which new physics can produce posi¬ 
tive contributions to the T parameter. With¬ 
out going to the details, the important point 
is that all these models exhibit a rich phe¬ 
nomenology around the TeV scale, acce^- 
ble to accelerators such as the Tevatron H, 
the LHC o and a possible high-energy lin- 
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ear e“'"e collider m. 

4 New theoretical ideas 

(Crackpot religions?) 

Electroweak symmetry breaking is a testing 
ground for new ideas that are restlessly ex¬ 
plored by adventurous theorists, despite the 
fact that some of their most conservative 
colleagues may view them (in the words of 
Monty Python) as ‘crackpot religions’. It is 
appropriate to comment here on some ideas 
that have been very actively explored in the 
last years, focusing on the aspects that are 
most strictly related with Higgs physics. 

The two big hierarchy problems of our 
present theories are the cosmological con¬ 
stant problem and the gauge hierarchy prob¬ 
lem, related with the two operators of dimen¬ 
sion d < 4 in the SM effective Lagrangian, 
conveniently rewritten as: 

"^e// = ^tosm + ^weak4’^ + . . . . (13) 

We must explain why the scales of the vac¬ 
uum energy and of the Higgs mass sat¬ 
isfy the phenomenological bounds Acosm 
0(10“^ eV) (as ^scussed in another talk at 
this Conference £3) and A^eak ~ 0(1 TeV), 
with the intriguing numerical coincidence 
Acosm ~ ^weak/^P- 

Are the two hierarchy problems related? 
It turns out that they are in supergravity 
and superstring theories, where supersym¬ 
metry becomes a local symmetry and grav¬ 
ity is automatically included. In these the¬ 
ories, formulating an acceptable model for 
SUSY breaking is difficult, precisely because 
the problem of the weak scale (most probably 
linked to the scale of SUSY-breaking masses) 
and the problem of the cosmological constant 
scale must be addressed at once. 

Many theorists feel that models formu¬ 
lated in more than four space-time dimen¬ 
sions may offer unconventional solutions to 
these problems and, perhaps, some exotic 
phenomenology to be explored experimen¬ 


tally. Since these models are the subject 
of another talk at this Conference eZI, some 
comments related with electroweak symme¬ 
try breaking and the gauge hierarchy prob¬ 
lem will be sufficient here (for other recent 
reviews and references on extra dimensions, 
see e.g. Ref. Ea). 

One of the most interesting features of 
models with extra dimensions is the fact 
that the hierarchy M^eak/Mp can be linked 
with some geometrical object, in the sim¬ 
plest case a compactification radius R char¬ 
acterizing the size of one or more com- 
pactffied dimensions. Such a relation is 
strongly model-dependent. In toroidal com- 
pactifications, we can get power-like rela¬ 
tions such as oc i?“", where 

n is an integer and the dimensionful propor¬ 
tionality coefficient is model-dependent. In 
‘warped’ compactifications, we can get expo¬ 
nential relations of the form {Mu,eak/Mp) ~ 
exjp{—MpR). The gauge hierarchy problem 
is then reformulated in a very interesting way: 
it amounts to understanding the stability and 
the dynamical origin of the value of the ra¬ 
dius R that fits the phenomenological value 
of Mujeak- There is no compelling idea so far 
in this direction, but some intriguing features 
are emerging and are at the center of an in¬ 
tense theoretical activity. 

Before describing some of the possibili¬ 
ties, it is worth mentioning that the prob¬ 
lem of determining R is analogous to the 
problem of understanding the stability and 
the dynamical origin of Anisusy, the scale of 
SUSY-breaking mass splittings, in conven¬ 
tional, four-dimensional models of sponta¬ 
neous SUSY breaking. The analogy becomes 
evident in those (higher-dirnensional) super¬ 
string and supergravity cil models where 
the radius R does indeed control Anisusy 

If there are symmetries of the higher¬ 
dimensional theory whose breaking is non¬ 
local in the extra dimensions, symmetry¬ 
breaking quantities may be shielded from UV 
effects, and determined by the infrared dy- 
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namics. As an example, the field-dependent 
one-loQD effective potentiaLpf some super¬ 
string ^ (and field-theory l 3) compactifica- 
tions does not contain positive powers of the 
string scale (cutoff scale A) 

yi(i?,(/)) = + + + , (14) 

where all coefficients have been omitted and 
the dots stand for logarithmic corrections as¬ 
sociated with the infrared running of the cou¬ 
plings. Starting from a higher-dimensional 
theory whose symmetries forbid a Higgs mass 
term (and ignoring the radius dynamics), mn 
and V = {(p) are then calculable in terms of i?, 
which may lead to one prediction. If there is 
no ultraviolet sensitivity, the prograin may be 
carried out at the field-theory level even if 
higher-dimensional field theories are in gen¬ 
eral badly non-renormalizable. However, if 
we lose the guidance of a consistent underly¬ 
ing superstring construction, there are many 
non-trivial consistency constraints to be sat¬ 
isfied, such as the absence of localized desta¬ 
bilizing divergences and anomalies, whose im¬ 
pact is being actively studied at the time of 
this Conference 0 . 

We could be even more ambitious, and 
try to determine dynamically also i?, if we 
could match the coefficient of the term 
from the gravitational sector of the higher¬ 
dimensional theory. If all mass scales of 
the effective four-dimensional theory are con¬ 
trolled by the radius i?, which in many com- 
pactifications is a classical fiat direction be¬ 
cause of a spontaneously broken scale invari¬ 
ance, then R could be fixed at a finite non¬ 
zero value by a dimensional transmutation 
mechanism; an infrared fixed point for the 
i?-dependent vacuum energy could arise from 
the interplay betwem the top-Yukawa and 
the gauge couplings S. 

In the context of warped compactifica- 
tions 0, an interesting mechanism for stabi¬ 
lizing R at its desired value was suggested 
in Ref. S. Since it involves the introduction 
of an explicit mass parameter, in a theory 


that had initially a classical scale invariance, 
it may be regarded as the analogous of soft 
breaking in the MSSM. This mechanism may 
be stable and related to a dimensional trans¬ 
mutation via the ‘holographic’ picture cZl. 

Coming back to the main subject of 
the present talk, what features may emerge 
for Higgs phenomenology? It may be too 
early to tell. One possibility is the mix¬ 
ing between the Higgs boson(s), charged un¬ 
der the electroweak gauge symmetry, and 
the spin-0 fields, neutral under the elec¬ 
troweak gauge symmetry, that are associated 
with the compactification radius (‘radion’) 
or, via supersymmetry, with the Goldstone 
fermion of spontaneously broken supersym¬ 
metry (‘sgoldstinos’). Such a mixing may 
lead to possible enhanced couplings of the 
Higgs to photons, gluons and invi^le parti¬ 
cles from the gravitational sector c3. This is 
a sufficiently good reason to kaep an eye on 
non-standard Higgs searches O that do not 
assume the SM or MSSM production cross- 
sections and branching ratios. 

In summary, the exploration of models 
with extra dimensions looks as a promising 
approach, in rapid development, with sev¬ 
eral controversial issues that have not been 
fully settled yet, and possible impact both 
on the theory and on the phenomenology of 
electroweak symmetry breaking. 


5 The ultimate answer 

(The Universal Judgement) 

In the course of this talk we have been mov¬ 
ing towards more and more speculative sce¬ 
narios. How can we tell what is the correct 
one? Fortunately, there is an impressive on¬ 
going experimental program that will be able 
to tell us the answer. 

As (^cussed in another talk at this Con¬ 
ference e 3, the Tevatron Higgs hunt is on 
its way. The present situation of Higgs 
searches at the Tevatron is summarized in 
Fig. 1^ showing some preliminary results 
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CDF PRELIMINARY Run 1 



Figure 11. Preliminary upper limits (at 95% c.l.) on 
production cross-sections times branching ratios, as 
functions of mn, from Run I of the CDF experiment. 

from CDF @ (DO had a slightly smaller sen¬ 
sitivity). With the luminosity and detectors 
of Run I, Tevatron is still more than one or¬ 
der of magnitude away from the sensitivity 
required by the SM Higgs properties. How¬ 
ever, ^ described in detail in a dedicated 
study 1^, and summarized in Fig. |l^, things 
will be different, and very challenging, in the 
near future. For tuh < 135 GeV, the focus 
of the present attention, CDF and DO will 
search for the SM Higgs boson considering 
its associated production with a weak gauge 
boson, pp ^ V + {H ^ bb) (V = W^,Z), 
and looking at a number of different final 
states: {li'){bb), (Z+Z“)(55), {vv){bb). Seri¬ 
ous backgrounds are R65, VV, it, single top, 
and others. For rriH > 135 GeV, the chan¬ 
nel gg ^ H ^ becomes accessible, 

and the useful final states are and 

(In this Section I will always stand 
for eoT p.) The results of Fig. are obtained 
by combining the statistical power of both 
experiments and all the channels mentioned 



Higgs moss (GeV/c^) 


Figure 12. The integrated luminosity required per 
experiment, to either exclude a SM Higgs boson at 
95% c.l. or discover it at the 3cr or 5cr level, as a 
function of rriH- 


above. The lower edge of the bands is the 
calculated threshold; the bands extend up¬ 
ward from these nominal thresholds by 30% 
as an indication of the uncertainties in b- 
tagging efficiencies, background rate, mass 
resolution, and other effects. 

The Higgs hunt will continue at the 
LHC (whose status is summarized by an¬ 
other talk at this Conference 0 ). In the 
mass region mn > 130 GeV, the job of the 
ATLAS and CMS experiments will be rela¬ 
tively easy, thanks to the gold-plated chan¬ 
nel H ZZ^*'> —> with other chan¬ 

nels as a backup for the mass regions with 
less statistics: H Ivlv for 

mn ~ 2 mw i 30 GeV, H ZZ 
(and possibly H WW Ivjj or H ^ 
ZZ for mn > 600 GeV. In the 

case of a light Higgs, mn < 130 GeV, var¬ 
ious different signals are available. Earlier 
studies have defined the strategies for signals 
such as inclusive H 77 , it + {H bb, 77 ) 
and V + {H ^ bb, 77 ). The combined dis¬ 
covery potential of the ATLAS and CMS ex¬ 
periments, for different integrated luminosi¬ 
ties, is summarized Ej in Fig. [^. During 
the last year, there was progress H in the 
study of the channel qq (WW H) +jj'. 
exploiting the two tagged forward jets, the 
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Figure 13. Sensitivity for the discovery of a SM Higgs 
boson at the LHC, as a function of mn- The over¬ 
all statistical significance, integrated over different 
channels, is plotted for three different integrated lu¬ 
minosities (10, 30 and 100 fb~^), and assumes the 
combined statistical power of the ATLAS and CMS 
experiments. 


background can be consistently reduced, al¬ 
lowing the study of decay channels such as 
H Ivl’v, which may be a dis¬ 

covery mode for mu ^115 GeV. 

There are many other recent phenomeno¬ 
logical studies on Higgs physics at high- 
energy colliders that would deserve a detailed 
discussion. Time limitations just permit a 
brief mention of some SM studies, with ref¬ 
erence to the corresponding papers, leaving 
aside analogous studies for the MSSM and 
for more exotic possibilities. Soft and vir¬ 
tual NNLO QCD correctkins to gg ^ H + 
X have been computed H. ‘Strong’ weak 
effects at high-energies (Bloch-Nordsieck 
violations) were studied in partic¬ 

ular, (aiv/Tr) log^(s/TO^) corrections to 
a{e'^e~ hadrons) and an enhanced uih de¬ 
pendence in WlWl hadrons. The cross- 
section for Higgs -I- ^ets via gluon-gluon 
fusion was computed E3. High-pr Higgs sig¬ 
nals from WW ^ H ^ bb were investi¬ 


gated The NLO QCD corrections to 
Ppipp) iiH -h_y were computed by two 
different groups O. 


6 Conclusions 


In the presence of an experimental and theo¬ 
retical puzzle, as recalled by the title assigned 
to this talk by the Organizers, conclusions 
can only be tentative. 

It is clear that the search for the ‘Higgs 
boson’ (or, more generally, for the dynam¬ 
ics underlying the spontaneous breaking of 
the electroweak gauge symmetry) is the main 
goal of high-energy physics in the present 
decade. 

Direct searches and electroweak precision 
tests strongly constrain the possibilities: with 
the presently available information, the exis¬ 
tence of at least one light Higgs boson with 
SM-like (or MSSM-like) properties looks like 
the best bet, but there is still room for the 
unexpected. 

It is important to stress that, in all ‘natu¬ 
ral’ models, the Higgs boson is not alone: the 
accompanying physics may be even richer in 
implications (as, for example, in the case of 
supersymmetry), and we must be prepared to 
fully explore the TeV scale. 

While not very successful so far, the the¬ 
oretical search for plausible alternatives to 
the SM and the MSSM is worth pursuing, 
as confirmed by the many ongoing activities 
along different directions, in particular extra 
dimensions. 

The final (scientific) judgement is com¬ 
ing, and experiment will express it with the 
help of run H of the Tevatron, of the LHC, 
and hopefully more facilities to come ... 

In our quest for the fundamental laws of 
Nature, there is no substitute for the high- 
energy frontier! 
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Questions 

Q. Bennie Ward, MPI and Univ. of Ten¬ 
nessee: 

There is the ultra-conservative view that 
we have a light Higgs, they will find it 
and there is nothing else. It is that way 
because God made it like that, unnatural 
or not. The theories in extra dimensions 
you mention are non-renormalizable so, 
if you would find them, you are still left 
with their non-renormalizable artifacts. 
Why would you say one of these scenar¬ 
ios is better than the other? 

A. In view of naturalness arguments, the 
possibility of finding a light Higgs and 
nothing else at the weak scale seems un¬ 
likely. Rigorously, we cannot exclude 
that the gauge hierarchy problem is 
solved by mysterious infrared-ultraviolet 
connections that we are unable to un¬ 
derstand with the tools of conventional 
quantum field theory. However, not even 
the cosmological constant violates so far 
the naturalness criterion, since gravi¬ 
tational interactions have been tested 
only up to energy scales of the order of 
10“^ eV, not far from the phenomeno¬ 
logical value of Acosm in the normaliza¬ 
tion of Eq. (H)- Coming to the second 
part of your question, extra dimensions 
are just one out of many possibilities 
for the new physics at the Fermi scale. 
Their phenomenology may be described 
by an effective field theory, but the latter 
must eventually find an ultraviolet com¬ 
pletion: this may be provided, for exam¬ 
ple, by an underlying superstring theory. 
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